Pure tubulin dimer, purified by phosphocellulose chromatography to remove microtubule associated proteins, can be assembled into microtubules in the presence of dimethyl sulfoxide. The surfaces of such microtubules are devoid of filamentous material. The reaction is rapid and strongly dependent on protein concentration. No microtubule formation occurs from the purified tubulin when dimethyl sulfoxide is omitted.
MATERIALS AND METHODS
Tubulin was prepared from bovine brain by the polymerization-depolymerization method (19) , as described (20) . The extraction buffer was 20 mM 2-(N-morpholino)ethanesulfonic acid (Mes), 70 mM NaCl, 1 mM ethylene-glycol-bis-(fl-aminoethyl ether)N,N'-tetraacetic acid (EGTA), 0.5 mM MgCl2, pH 6.4. GTP at a concentration of 0.5 mM was added for polymerizations. The protein was purified through two polymerization cycles and stored at a concentration of 5-10 mg/ml at -80°in buffer containing 2 M glycerol. Pure 6S tubulin was prepared by phosphocellulose chromatography (9) in the following manner. Approximately 25 mg of protein was polymerized at 370 for 20 min in the extraction buffer containing 0.5 mM GTP and 1 M glycerol. After centrifugation for 30 min at 100,000 X g and 37°, the sedimented microtubules were dissociated at 0-4°in 1 ml of 20 mM Pipes buffer [piperazine-N,N'-bis(2-ethanesulfonic acid)], pH 6.9, and passed through a column of phosphocellulose (3 ml (Fig. 1 ). The MAPs retained by the phosphocellulose column, can be obtained by subsequent elution with salt (9). The 6S tubulin obtained using phosphocellulose chromatography will not assemble into microtubules in the time periods used in these studies (up to 40 min). However, in the presence of 10% Me2SO a rapid polymerization occurs, as shown in Fig. 2. There appears to be a critical concentration of protein that is required for assembly to proceed since no reaction occurred with 0.8 mg/ml of protein but substantial polymerization occurred at a protein concentration of 1.5 mg/ml (Fig. 2B) . Negatively stained samples taken after completion of the reaction showed the presence of many microtubules. Microtubules formed in 10% Me2SO are not depolymerized upon cooling (Fig. 3C) , presumably due to the effects of Me2SO. Although complete microtubules predominate, many "S"-and "C"-shaped profiles are seen, which are interpreted as sheets of protofilaments that have not closed to form typical tubular elements.
Negatively stained microtubules polymerized from 6S tubulin in 10% Me2SO show characteristic wall protofilaments ( Fig. 3D and E) , and six or seven protofilaments are most often observed. These represent only the uppermost protofilaments of the collapsed wall, with the remaining protofilaments being obscured beneath the overlying elements. The beaded protofilaments have a width of about 40 A, and their lateral spacing (center-to-center) is about 55 A. The repeat period along the protofilament, or "bead-to-bead" distance, is about 40 A.
The formation of microtubules in this system requires the presence of at least 10% Me2SO, as well as GTP, and polymerization does not occur at 00 or when 0.1 mM colchicine is added. When 6S tubulin is polymerized in 20% Me2SO, many more "S"-and "C"-shaped configurations of protofilaments are seen in fixed and sectioned material, although complete microtubules are also present. When such preparations are negatively stained, sheets of protofilaments are seen spread over the supporting film, and protofilaments in such sheets usually number many more than the 13 required for the wall of a typical mi- 
